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Fertilityce have reduced expression of ubiquitin-speciﬁc protease 14 (Usp14), resulting in
severe neuromuscular defects and death by 2 months of age. Transgenic expression of Usp14 exclusively in
the nervous system of ax J mice (ax J-Tg) prevents early lethality and restores motor system function to the ax J
mice, enabling an analysis of the reproductive capabilities of Usp14-deﬁcient mice. Although female ax J-Tg
mice had a 75% reduction of Usp14 in the ovaries, they were able to produce normal litters. Ovary transfer
experiments also demonstrated that the ovaries of ax J mice were capable of producing viable pups. In
contrast, male ax J and ax J-Tg mice displayed a 50% reduction in testicular Usp14 levels and were infertile,
indicating that Usp14 is required for development and function of the male reproductive system.
Immunohistochemistry experiments showed that Usp14 is found in the redundant nuclear envelope and
cytoplasmic droplet of epididymal spermatozoa. Analysis of ax J testes demonstrated a 50% reduction in testis
weight, a 100-fold reduction in sperm number and the presence of abnormal spermatozoa in the epididymis.
Histological examination of the Usp14-deﬁcient testes revealed abnormal spermatogenesis and the presence
of degenerating germ cells, indicating that Usp14 and the ubiquitin proteasome system are required for
spermatid differentiation during spermiogenesis.
© 2008 Elsevier Inc. All rights reserved.IntroductionThe ubiquitin proteasome pathway provides the cell with a
mechanism to control protein levels by regulated protein degradation
(Glickman and Ciechanover, 2002). A poly-ubiquitin chain, which is
attached to a substrate protein by a series of enzymatic reactions that
involve an E1 activating enzyme, an E2 conjugating enzyme and an E3
ligase, targets a protein for degradation. The regulated degradation of
proteins by the ubiquitin proteasome system is essential for many
cellular processes including synaptic plasticity, embryonic develop-
ment and gamete formation. Alterations in the ubiquitin proteasome
pathway have been shown to result in neurological disorders, cancer
and infertility (An et al., 2006, Reinstein and Ciechanover, 2006).
Deubiquitinating enzymes act antagonistically to protein ubiqui-
tination and are thought to regulate three general processes: the
production of monomeric ubiquitin by cleaving ubiquitin from
ubiquitin-fusion proteins, recycling ubiquitin from ubiquitin–protein
conjugates at the proteasome, and editing ubiquitin chains to regulate
ubiquitin chain length. Although more than 90 deubiquitinatingl rights reserved.enzymes are encoded in the mouse genome, only Poh1, Uch-L5 and
Usp14 have been shown to associate with proteasomes (Borodovsky
et al., 2001; Lam et al., 1997; Leggett et al., 2002; Papa et al., 1999;
Verma et al., 2002; Hu et al., 2005). In addition to regulating the entry
of proteins into the proteolytic core of the proteasome, these three
deubiquitinating enzymes are thought to help maintain the levels of
monomeric ubiquitin by recycling ubiquitin chains from proteins
targeted to the proteasome (Guterman and Glickman, 2004).
In ax J mice, loss of the deubiquitinating enzyme Usp14 leads to
developmental abnormalities and death by 2 months of age (D'Amato
and Hicks, 1965; Wilson et al., 2002). Although Usp14 is ubiquitously
expressed (Wilson et al., 2002), only neurological defects have been
reported in the ax J mice (D'Amato and Hicks, 1965). Early reports
indicated that both ax J male and female mice were sterile (Lyon,
1955). However, it is not clear if the ax J mice suffer from a fertility
defect or if they fail to reproduce due to their severe neuromuscular
deﬁcits. In our studies of ax J mice, transgenic expression of Usp14
speciﬁcally in the nervous system of the ax J mice was able to rescue
the neurological defects and enabled the mice to have a normal life-
span (Crimmins et al., 2006). As a result, these transgenic rescue mice
enabled us to explore possible non-neuronal functions for Usp14 and
to determine if Usp14 was important for fertility. While most non-
neuronal organ systems in the ax J-Tg mice did not demonstrate any
34 S. Crimmins et al. / Developmental Biology 325 (2009) 33–42gross signs of disease, we did observe male-speciﬁc fertility defects
that included reduced testes size, decreased sperm production,
morphologically abnormal spermatozoa and infertility. The results
described in this study indicate that Usp14 is required for the
development and function of both the nervous system and the male
reproductive system.
Materials and methods
Animals
Wild type C57BL/6J, Usp14axJ (Jackson laboratories, Bar Harbor, ME,
USA), Usp14rrk114, and ax J-Tg mice have been maintained in our
breeding colony at the University of Alabama at Birmingham, which is
fully accredited by the Association for Assessment and Accreditation
of Laboratory Animal Care International. Homozygous Usp14axJ mice
(which we refer to as ax J mice) were generated by intercrossing
heterozygous ax J/+ siblings and could be phenotypically identiﬁed by
2 weeks of age. Genotypes of each animal were conﬁrmed using MIT
markers ﬂanking the ax J mutation. The construction of the ax J-Tg
mice, which express Usp14 from the neuronal-speciﬁc Thy1.2
promoter, has been described previously (Crimmins et al., 2006).
Heterozygous Usp14rrk114/+mice were generated by injecting C57BL/6J
blastocysts with the Bay Genomics RRK114 clone (Mutant Mouse
Regional Resource Center, Davis, CA USA) and gene trap mice were
maintained as heterozygotes. All research complied with the United
States Animal Welfare Act and other Federal statutes and regulations
relating to animals and experiments involving animals, and adhered
to principles stated in the Guide for the Care and Use of Laboratory
Animals, United States National Research Council.
Fertility studies
Eight-week-old male and female mice were placed into mating for
4 months. Litter size was determined by counting the number of
offspring at birth. A total of 10 matings were analyzed for each
genotype examined.
Antibodies
Rabbit anti-USP15 antiserum (PW9795; Biomol, Plymouth Meet-
ing, PA, USA) was raised against a peptide derived from human USP15.
Mouse IgG against UCHL1 (Abcam ab20559, Cambridge, MA, USA) was
raised against native UCHL1 from brain. Rabbit anti-UCHL3 antiserum
(LS-A8724; MBL International, Woburne, MA, USA) was raised against
a synthetic peptide from the C-terminus of UCHL3. Rabbit polyclonal
antibody against the proteasomal 19S regulatory ATPase subunit
PSMC1 (PW 8160; Biomol) was raised by immunization with full
length recombinant S. pombemts2 protein. Rabbit polyclonal antibody
against the 20S proteasomal core subunits (PW 8155; Biomol) was
raised by immunization of rabbits with proteasomal preparations
puriﬁed from human red blood cells. Mouse IgG against the 20S
proteasomal core subunits α1, 2, 3, 5, 6 and 7 (PW 8195; Biomol) was
raised against a peptide corresponding to the prosbox Imotif shared by
these alpha-type subunits. Mouse IgG anti-ubiquitin FK1 (PW 8805;Table 1
Fertility of wild type (wt), ax J-Tg, and heterozygous Usp14rrk114 mice
Genotypes of breeding pair Fertile matings/
total attempted
Pups per litter
n=20 littersFemale Male
wt wt 10/10 7.3±0.5
ax J-Tg wt 10/10 7.1±1.5
wt ax J-Tg 0/10 0
wt Usp14rrk114/+ 10/10 6.5±1.7
wt+ax J ovary wt 10/10 5.3±0.8Biomol) was raised against polyubiquitinated lysozyme, speciﬁcally
recognizes K29, K48 and K63 linked multi-ubiquitin chains, and does
not react with non-conjugated mono-ubiquitin or with monoubiqui-
tination proteins. Mouse IgM anti-ubiquitin KM 691 (MC-033; Kamiya,
Seattle, WA, USA) was raised against recombinant human ubiquitin,
and recognizes unconjugated mono-ubiquitin as well as a variety of
ubiquitinated proteins andmulti-ubiquitin chains. All antibodies were
used at a 1:100 dilution for overnight incubation. Rabbit anti-Usp14
antibodies were described previously (Anderson et al., 2005).
Isolation of mouse proteins
Mice 4 to 8 weeks of age and of appropriate genotype were
sacriﬁced by CO2 asphyxiation. Tissues were homogenized in 1 to 3mL
of homogenization buffer containing 50 mM Tris, pH 7.5, 150 mM
NaCl, 5 mM MgCl2, 0.5% SDS, 2 mM N-ethylmalemide, and Complete
Protease Inhibitors (Roche, Indianapolis, IN, USA). Following homo-
genization, tissues were sonicated for 10 s and then centrifuged at
17,000 g for 10 min at 4 °C. Supernatants were removed and
immediately frozen at −80 °C. Protein concentrations were deter-
mined by using the Bicinchoninic Acid (BCA) protein assay kit from
Pierce (Rockford, IL, USA).
Immunoblotting
Proteinswere resolved on either 4–12% Bis–Tris gels or 4–20% Tris–
Glycine NUPAGE gels (Invitrogen, Carlsbad, CA, USA) and transferred
onto either nitrocellulose or PVDF membranes. Membranes were
blocked in PBS containing 2% BSA. Primary antibodies were diluted in
PBS containing 2% BSA and incubated at room temperature for 1 h.
Primary antibodies were detected using a 1:5,000 dilution of anti-
mouse or anti-rabbit HRP-conjugated secondary antibody (Southern
Biotechnology Associates, Birmingham, AL, USA) and Luminol
reagents (Pierce).
Quantitation of immunoblots
Blots were scanned using a Hewlett Packard Scanjet 3970 and
quantitated using UN-SCAN-IT software (Orem, UT, USA). Each value
represents the average and standard error from six blots using three
different wild type and mutant animals.
Histology
Whole testis and epididymis were dissected from the mice and the
testis was nicked with a scalpel to facilitate ﬁxation. The whole tissue
was then submerged overnight in 4% paraformaldehyde. After ﬁxation
and thorough washing in PBS, tissues were embedded in parafﬁn by
conventional procedures and positioned within a parafﬁn block so
that the long axis of the testis and all three major epididymal
compartments could be sectioned at the same time. Sections were cut
on a microtome, mounted on microscopy slides, deparafﬁnized by
xylene and stained by hematoxylin–eosin, antibody or incubated with
X-gal to determine gene expression patterns.
Sperm counts
Epididymides of 6-week-old mice were dissected and minced in
PBS to liberate sperm. Sperm numbers from six animals were
determined using a haemocytometer.
Immunohistochemistry
Mouse testicular and epididymal tissues were excised, washed in
PBS, ﬁxed in 4% paraformaldehyde and embedded in parafﬁn by using
conventional methodology. After dewaxing and rehydration, the
Fig. 1. Expression of Usp14 in testes, ovaries, and brains of 6-week-old wild type (wt),
ax J and ax J-Tg mice. (A) Immunoblots were probed with Usp14 antisera and with
antibodies to β-actin as a loading control. (B) Quantitation of immunoblots with wild
type levels of Usp14 set at 100%. Error bars indicate SE.
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USA) for 25 min, incubated with the primary antibody overnight at
4 °C, washed in buffer and incubated with appropriate secondary
antibody conjugated to red ﬂuorescent TRITC or greenﬂuorescent FITC
ﬂuorochrome. To counterstain cell nuclei, DAPI (Molecular Probes,
Carlsbad, CA, USA) was added to the secondary antibody solution at a
ﬁnal concentration of 5 μg/mL. Negative controls were generated by
replacing the speciﬁc primary antibody with non-immune rabbit and/
or mouse sera as needed, followed by the appropriate, species-speciﬁc
secondary antibody conjugates. All dilutions of antibodies and sera
and all washes were performed in PBS containing 0.1% Triton-X-100
(Sigma), 1% normal goat serum and sodium azide. All secondary
antibodies were purchased from Zymed (San Francisco, CA, USA).
Immunocytochemistry
Testicular cells or epididymal spermatozoa were released in TL-
Hepes medium by mincing the appropriate tissues and were collected
by a 5 min. centrifugation at 350 ×g. Cells were attached to poly-L-
lysine coated coverslips and ﬁxed in 2% electron microscopy grade
formaldehyde (PolyScience, Niles, IL, USA) as described (Sutovsky,
2004). Samples were blocked, and incubated with primary and
secondary antibodies as described for immunohistochemistry. Cover-
slips with spermatozoa or testicular cells were mounted on conven-
tional microscopy slides in VECTASHIELD® mounting medium (Vector
Laboratories, Burlingame, CA, USA).
Analysis of mouse embryonic ﬁbroblasts
Mouse embryonic ﬁbroblasts were generated from wild type and
ax J embryos as previously described (Berthet et al., 2003). Brieﬂy,
primary wild type and ax J mouse embryonic ﬁbroblasts were plated
in triplicate at a density of 9×105 cells in a 6 cm dish. Cells were
allowed to grow for 3 days, and were then harvested, counted and
replated at the same density. The 3T9 assay was performed as
previously described (Jones et al., 1996). To determine sensitivity tothe DNA damaging agent Mitomycin C, mouse embryonic ﬁbroblasts
were plated in 6 well tissue culture plates and then, after adhering to
the plates, were exposed to various concentrations of Mitomycin C for
24 h. To determine cell viability, cells were stained with Methylene
blue as previously described (Bonora and Mares, 1982).
Cell and tissue imaging
Epiﬂuorescence and differential interference contrast (DIC) images
were acquired by using a Nikon Eclipse E800 microscope with a
CoolSNAP hqmonochrome camera and acquired by using MetaMorph
v.4.6.7 software (Molecular Devices, Sunnyvale, CA, USA). Figure plates
were edited using Adobe® Photoshop 5.5 (Adobe Systems, Inc., San
Jose, CA, USA).
Quantitative PCR
Total RNA was isolated using RNA-STAT60 (Tel-Test, Friendswood,
TX, USA) and 2 μg of the RNA was then reverse transcribed using the
Applied Biosystems GeneAmp Gold RNA PCR Reagent Kit (Foster City,
CA, USA). Real-time PCR reactions were set up in triplicate using
TaqMan gene assays and ampliﬁed in an Applied Biosystems Step-One
instrument. ΔΔCCT curves were generated using 18S TaqMan gene
assays as internal standards. Quantitative PCR results are shown as the
standard deviation of 3 different ampliﬁcations from RNA that was
reverse transcribed from 3 different mice. Individual gene assay kits
were purchased from Applied Biosystems for each of the RNAs
analyzed. Paired t-tests were conducted on relative quantity (RQ)
values for each group to determine their signiﬁcance.
Results
The axJ males are infertile
To identify possible non-neuronal functions for Usp14, we ﬁrst
examined the reproductive capabilities of the ax J-Tg male and female
mice, in which the movement disorders and early lethality of the ax J
mice are restored by transgenically expressing Usp14 exclusively in
neuronal tissues from the Thy1.2 promoter (Crimmins et al., 2006). To
examine if the improved motor performance in the axJ-Tg mice
corrects the reproductive deﬁciencies of the ax J mice, ax J-Tg mice
were mated with wild type mice and monitored for their ability to
produce offspring. All of the female ax J-Tg rescued mice exhibited
normal fertility with litter sizes that were similar to those observed for
the control wild type matings (Table 1). In contrast, none of the
matings between the ax J-Tg males and wild type females were
productive (Table 1), indicating that Usp14 expression is required for
normal testes function.
Usp14 expression is reduced in the ovaries and testes of ax J and ax J-Tg
mice
Our initial studies demonstrated that the ax J mutation results in
hypomorphic expression of Usp14 in the ax J mice (Anderson et al.,
2005). In order to compare the levels of Usp14 expressed in the ax J-Tg
micewith the levels normally found in ax J andwild typemice, protein
extracts from the brains, testes and ovaries of six-week-old mice were
immunoblotted for Usp14. Similar to our previous reports (Anderson
et al., 2005), there was a 50% reduction in the level of Usp14 in the
testes and a 95% reduction in the level of Usp14 in brain extracts of ax J
mice as compared to wild type controls (Fig. 1). In the ovaries, there
was greater than a 90% reduction in Usp14 in the ax J ovaries as
compared to controls (Fig. 1).
Whenwe examined the level of Usp14 in the brains of ax J-Tgmice,
we detected a 4-fold increase in expression of Usp14 compared to the
level normally detected in wild type mice (Fig. 1), which is consistent
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reports of gene expression from the Thy1.2 promoter (Caroni, 1997). In
the testes, the level of Usp14 in the ax J-Tg mice was similar to that
observed in the ax J mice, representing a 50% reduction in Usp14
compared to the level observed in the testes of wild type mice (Fig. 1).
In contrast, there was a 2-fold increase in Usp14 expression in the
ovaries of the ax J-Tgmice as compared to the axJ mutant mice (Fig. 1).
Although this slight increase was consistently observed, it still
represented a 75% reduction in Usp14 compared to the levels observed
in the ovaries of wild type mice.
To determine if the 2-fold increase in Usp14 expression in the ax J-
Tg ovaries, relative to the level normally found in the ax J mice, was
required for fertility, we examined the competence of the axJ ovariesFig. 2. Reduced testis size and sperm production in axJ mice. (A) Testis weights were take
determined from the epididymis of 6-week-old wild type (wt), axJ and axJ-Tgmice (n=5). (C)
(wt) and axJmice. (D) H&E staining of testis from 6-week-old wild type (wt) and axJmice. Not
6-week-old wild type (wt) and axJ mice.by performing ovary transfer experiments. Ovaries from 4-week-old
ax J mice were transferred into wild type female mice and, following
recovery, the recipient females were placed into breeding to
determine fertility. All ax J ovaries were functional and resulted in
the production of viable pups from the recipient hosts (Table 1),
indicating that the 90% loss of Usp14 in the ax Jmice is not detrimental
to ovary function.
Usp14 expression is required for normal testicular function and sperm
production
To determine if the fertility defect in the male ax J and ax J-Tg mice
was due to a defect in testicular function, we initially compared then from 6-week-old wild type (wt), axJ and axJ-Tg mice (n=6). (B) Sperm counts were
Bright ﬁeld microscopy of sperm isolated from the epididymis of 6-week-old wild type
e few late step spermatids (arrows) in the axJ testis. (E) H&E staining of epididymis from
Fig. 3. Structure and analysis of the Usp14 gene trap mice. (A) Schematic of the genomic
structure of Usp14 containing the rrk114 gene trap insertion into intron 12. Breeding of
heterozygous ax J/+mice to heterozygous Usp14 gene trap (rrk114/+) mice demonstrated
that the rrk114 gene trap is allelic to the ax J mutation. (B) X-gal staining of the testes
from 6-week-old heterozygous gene trap mice (rrk114/+) demonstrating Usp14
expression in the periphery of the seminiferous tubules.
Fig. 4. Analysis of Usp14rrk114 gene trap mice. (A) Immunoblot analysis of Usp14
expression in testes, livers, and brains of 6-week-old wild type (wt), heterozygous
Usp14rrk114 gene trap (rrk114/+) and ax J-Tg mice. Blots were probed with antibodies for
Usp14 and for GAPDH as a loading control. (B) Quantitation of Usp14 expression with
wild type levels of Usp14 set at 100%. Error bars indicate SE. (C) Histological
examination of H&E stained testis sections from 6-week-old wild type mice (wt) and
mice that had both the Usp14rrk114 and ax J alleles (ax J/rrk114). Note multi-nucleated cells
(arrowheads) and hypertrophied stroma (arrows) in the testis of the ax J/rrk114 mice.
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mice. At 6 weeks of age, there was a 50% reduction in the weights of
the ax J and ax J-Tg testes as compared to wild type testes (Fig. 2A). In
addition, there was a 100-fold reduction in epididymal sperm number
in both the ax J and ax J-Tg mice compared to wild type mice (Fig. 2B).
Many of the spermatozoa that were found in the ax J (Fig. 2C) and ax J-
Tg mice (data not shown) exhibited abnormal morphology, with
decapitated spermatozoa and two-tailed spermatozoa commonly
observed.
To investigate possible structural changes in the ax J testes, we
examined testicular histology from 6-week-old ax J and wild type
mice. While we found normal numbers of spermatogonia, Sertoli cells
and spermatocytes in the ax J mice, there were obvious defects in the
spermatid elongation process, and multi-nucleated spermatids were
commonly observed in the haploid phase of spermatogenesis (Fig.
2D). As a result, sperm release from the seminiferous tubules was
minimal in the ax J mice, and few spermatozoa were found in the
lumen of the epididymal tubule compared to wild type controls. Gross
morphological defects were not observed in the epididymal epithelial
cells of the axJ mice (Fig. 2E).
Differential effects of Usp14 expression on fertility
Our ﬁndings on the ax J-Tg mice indicated that a 50% loss of
Usp14 expression in the testes is sufﬁcient to cause male sterility in
mice. However, since the ax J mutation has different affects on Usp14
expression in different tissues (Anderson et al., 2005), the effect of
the intracisternal-A particle (IAP) may not be equivalent in all
testicular cells. To determine if mice that had a uniform 50% loss of
Usp14 in all tissues would also result in male sterility, we generated
mice with a gene trap allele of Usp14. This allele of Usp14
(Usp14rrk114) was generated by the insertion of a gene trap cassette
containing a β-galactosidase reporter gene into intron 12 of Usp14
(Fig. 3A). To conﬁrm allelism between the ax J mutation and the
Usp14rrk114 allele, we intercrossed heterozygous ax J mice with
heterozygous gene trap mice. Analysis of the offspring of this mating
revealed the presence of both normal and mutant animals, indicating
that the Usp14rrk114 and Usp14ax J alleles are non-complementing and
are therefore allelic.
Immunoblot analysis of cell extracts from the testes, livers, and
brains of heterozygous Usp14rrk114mice demonstrated a 50% reduction
in the level of Usp14 compared to the levels normally found in wild
type mice (Figs. 4A and B), which is consistent with the loss ofexpression of one allele of Usp14. Although the ax J-Tg mice also
showed a 50% loss of Usp14 expression in the testes, there was a 95%
reduction of Usp14 in the liver and a 4-fold increase in Usp14
expression in the brain relative to the levels normally observed inwild
type mice (Figs. 4A and B). While mating of male ax J-Tg mice to wild
type females did not result in the production of any offspring (Table 1),
mating heterozygous Usp14rrk114 males with wild type females
generated normal litters (Table 1). These data therefore suggest that
the axJ mutation has differential effects on Usp14 expression within
testicular cells.
Localization of Usp14 in testes
Since the expression of Usp14 from the Usp14rrk114 gene trap allele
can be monitored in situ by the production of β-galactosidase,
testicular sections from 8-week-old heterozygous Usp14rrk114 mice
were stained with X-gal. Analysis of these sections demonstrated that
Usp14 is expressed predominately in the diploid germ cell types
located in the periphery of the seminiferous tubules (Fig. 3B).
Due to notable defects of spermiogenesis in the axJ mutant males
(Fig. 2), we investigated the distribution of Usp14 protein in the testes
of wild type and ax J mice, and in the spermatids and spermatozoa of
wild type mice (Fig. 5). Usp14 was diffusely distributed in the
cytoplasm of round and elongating spermatids and became associated
with the postacrosomal segment of the spermatid nuclei in steps 14–
16 of wild type spermatids (Figs. 5A and B). This association was also
Fig. 5. Localization of Usp14 protein (red) inwild type (A, B) andmutant (C) testis, and in thewild type spermatozoon (D–D″). Usp14 associates with the nascent postacrosomal sheath
of the steps 13–15 spermatid nuclei (arrowheads in panels A–C). In fully differentiated spermatozoa, Usp14 (red; D′) associates with redundant nuclear pores complexes (D″, NPC,
green) presentwithin the area of redundant nuclear envelope at the base of the spermhead (arrowheads inpanels D–D″) and in the spermcytoplasmic droplet (arrows inpanels D–D″).
DNA was counterstained with DAPI (blue).
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(Fig. 5C). In step 16 spermatids, the area of Usp14 accumulation
became smaller, coinciding with the localization of the redundant
nuclear envelope (rNE) at the base of the spermatid nucleus. The
appearance of rNE during spermatid elongation is a result of the
progressive removal of nuclear pore complexes that parallels the
hypercondensation of the spermatid nucleus (Sutovsky et al., 1999).
Since the rNE is known to contain redundant nuclear pore complexes,
we double-labeled isolated wild type spermatozoa (Figs. 5D–D″) and
spermatids (Fig. 6A) to reveal colocalization of Usp14 with the
redundant nuclear pore complexes. Consistent with Usp14 being a
proteasome-associated deubiquitinating enzyme, the area of rNE also
showed colocalization of Usp14 and proteasomes (Fig. 6).
Effect of Usp14 gene dosage on testicular development
To further examine the effect of Usp14 on testicular development,
we analyzed Usp14rrk114/Usp14axJ males to investigate Usp14 gene
dosage effects on testicular development. Immunoblot analysis of
Usp14 expression revealed a 75% reduction in Usp14 levels in the
Usp14 rrk114/Usp14axJ males relative to the levels normally observed in
wild type mice (data not shown). Examination of the testes structure
from ﬁxed tissue sections of wild type and Usp14rrk114/Usp14axJ mice
showed that the testes of the Usp14rrk114/Usp14axJ mice were severely
abnormal and degenerating (Fig. 4C). The testicular pathology varied
among individual Usp14rrk114/Usp14axJ animals and, in some cases, we
observed a hypertrophy of testicular stroma and hyper-proliferation of
Leydig cells, along with severely reduced numbers of germ cells,
demonstrating that Usp14 is required for the normal development of
the testes in mice. In particular, some of the males (Fig. 4C, rt panel)
showed conspicuous degeneration of round spermatids, while
pachytene spermatocytes were still present and did not seem to
show meiotic defects. In other males, normal numbers of spermato-
cytes and spermatids were present (see Fig. 2D), but spermatid
elongation seemed impaired.Analysis of ax J mouse embryonic ﬁbroblasts
Since mutations in several DNA damage repair genes result in
fertility defects (Yang et al., 2001, Ng et al., 2002), and the Ubp6
orthologue of Usp14 has been shown to genetically interact with
components of the DNA damage repair pathway (Tong et al., 2004;
Chang et al., 2002), we examined if there are changes in DNA stability
in the ax Jmice that could contribute to their observed fertility defects.
Four separate lines of mouse embryonic ﬁbroblasts fromwild type and
ax J mice were analyzed for growth rates and sensitivity to Mitomycin
C (Fig. 7). There was no signiﬁcant difference in the proliferative rates,
number of generations to senescence, or sensitivity to mitomycin C
between wild type and axJ embryonic ﬁbroblasts, indicating that loss
of Usp14 may not inﬂuence genomic stability.
Genetic compensation of deubiquitinating enzymes in axJ testes
Since our previous data indicated that Usp14 functions to maintain
ubiquitin levels (Anderson et al., 2005), we used quantitative PCR to
examine the expression of other deubiquitinating enzymes involved
in ubiquitin stability and determine if there is genetic compensation of
deubiquitinating enzymes in the testes of the ax J mice. Consistent
with our previous measurements of Usp14 protein levels (Fig. 1A),
quantitative PCR analysis of Usp14 levels in the ax J testes demon-
strated a 50% reduction in Usp14 mRNA compared to wild type
controls (Fig. 8). When we examined the levels of the ubiquitin-
carboxy-terminal hydrolases Uch-L1, Uch-L3 and Uch-L5, which are
thought to play important roles in ubiquitin stability (Guterman and
Glickman, 2002; Osaka et al., 2003), there was a 2-fold increase in all
three of these transcripts in the axJ testes (Fig. 8). Usp5, a
deubiquitinating enzyme that is important for processing linear
ubiquitin chains, was also increased 1.4-fold in the ax J testes as
compared to wild type controls (Fig. 8).
Since the spermiogenesis defects were still observed in the ax J
testes despite the presumed compensatory over-expression of the
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examined whether testis-expressed DUBs are spatially isolated from
the rNE area inwhich Usp14 accumulates in spermatids (Fig. 9). Usp15
accumulated in the developing acrosomal cap of round spermatids in
the testes of both wild type and ax J mice (Figs. 9A and B). As expected
based on previous studies (Kon et al., 1999), the ubiquitin-C-terminalFig. 6. Localization of Usp14 (A; red) and proteasomes (B; red; 20S core subunits are labeled) i
(top row) spermatids, respective to localization of nuclear pore complex (NPC, green in panhydrolase Uch-L1 accumulated in the spermatogonia and Sertoli cells,
but did not accumulate in spermatids from the wild type and ax J
testes (Figs. 9C and D). In contrast, Uch-L3 accumulated in the
cytoplasmic lobes of the elongating spermatid, as reported previously
in boar (Yi et al., 2007), but was not found in the rNE of late step
spermatids in the testes of wild typemice. Due to abnormal spermatidn the mouse round (bottom row in both panels), elongating (middle row) and elongated
els A and B). DNA was counterstained with DAPI (blue).
Fig. 7. ax J mouse embryonic ﬁbroblasts do not have altered growth rates or sensitivity
to DNA damaging agents. (A) 3T9 assay of mouse embryonic ﬁbroblasts isolated from
E14 wild type (wt) and ax J embryos. Cells were plated at a density of 9×105 cells per
dish, allowed to grow for 3 days, harvested, counted and replated at the original density.
Cell densities, indicated as population doublings, were recorded for the ﬁrst 12
passages. (B) Sensitivities of mouse embryonic ﬁbroblasts from E14 wild type (wt) and
axJ embryos to the DNA damaging agent Mitomycin C. Cells were grown in the presence
or absence of Mitomycin C for 24 h, and viability is presented as percent survival relative
to wild type controls grown in the absence of Mitomycin C.
Fig. 8.Genetic compensation of deubiquitinating enzymes in the ax J testes. Quantitative
PCR was performed on RNA isolated from the testes of 6-week-old wild type and ax J
mice. Gene assay primers were used to amplify individual deubiquitinating enzymes
and ΔΔCT were generated by comparison to the internal GAPDH control.
40 S. Crimmins et al. / Developmental Biology 325 (2009) 33–42elongation, few elongating spermatids with cytoplasmic lobes con-
taining Uch-L3 were found in the ax J testes (Fig. 9D). There was a
striking accumulation of the ubiquitin activating enzyme E1 in the
nuclei of steps 10–15 elongating spermatids in the testes of both wild
type and ax J mice (Figs. 9E and F). The 19S proteasomal regulatory
complex subunit PSMC1 showed localization in the nascent post-
acrosomal sheath of the spermatid nucleus in late step spermatids
(Figs. 9G and H), which was similar to the localization of Usp14 in the
wild type and ax J testes. None of these localization patterns were
observed with non-immune rabbit sera in negative control slides
(Figs. 9I and J). The deubiquitinating enzymes that are expressed in the
male germ line therefore show a spatially compartmentalized and
temporally-regulated expression pattern, indicating that they may
have unique, non-redundant, non-compensating functions during
spermatogenesis, and spermiogenesis in particular.
Discussion
Research on the ubiquitin proteasome system has demonstrated
that proteins involved in ubiquitin-dependent signaling and proteo-
lysis are critically important for a variety of cellular functions. Central
to all ubiquitin signaling events is the maintenance of cellular pools of
monomeric ubiquitin. Mutations in Usp14 and Uch-L1, two different
deubiquitinating enzymes that have been implicated in ubiquitin
stability, have resulted in both nervous system and testicular
dysfunction (Kwon et al., 2005; Anderson et al., 2005; this study).
However, only the Usp14 mutation (this study) caused complete male
infertility. By stabilizing the mono-ubiquitin pool, Uch-L1 and Usp14
are believed to provide sufﬁcient levels of ubiquitin to allow for
ubiquitin-mediated proteolysis, receptor endocytosis and lysosomal
trafﬁcking. The extensive remodeling of cellular constituents that
occurs during spermatogenesis is dependent on the ubiquitinproteasome system for efﬁcient protein turnover, which is evident
by the identiﬁcation of fertility defects in animals with mutations in
the ubiquitin proteasome system (Kwon et al., 2005, Sun et al., 1999).
Usp14 is a ubiquitin-speciﬁc protease that associates with the
proteasome and is expressed in all tissue types. Loss of Usp14
expression leads to an early onset neurological disorder that results in
death by 8 weeks of age. To identify a role for Usp14 in reproductive
function, we utilized ax J mice containing a Thy1-Usp14 transgene that
corrects the premature death, musclewasting, and tremor observed in
the ax J mice. While both male and female ax J-Tg mice have normal
neuromuscular function and life spans, loss of Usp14 only affected
male reproduction. Furthermore, our results indicate that the absolute
level of Usp14 expression is not necessarily an indicator of fertility.
Male Usp14rrk114 heterozygous gene trap mice exhibit a 50% decrease
in testicular Usp14 levels compared to wild type mice and are fertile,
without any obvious testes or neurological phenotypes. The ax J and
ax J-Tg mice, on the other hand, also show a 50% decrease in the
expression of Usp14 in the testes but are infertile.
We hypothesize that the expression pattern of Usp14 from the ax J
mutation is responsible for the fertility defects observed in the ax Jmice.
The ax J mutation results from the insertion of an intra-cisternal A-
particle (IAP) into intron 5 of Usp14 and exerts its effect on Usp14
expression by the presence of cryptic splice acceptor and donor sites
(Wilson et al., 2002). Splicing of the IAP into the Usp14 mRNA would
therefore produce an unstable truncated Usp14 protein. As a result, one
possibility for the differential fertility observed between the hetero-
zygous Usp14rrk114 gene trap mice and the ax J mice may be that the
splicing of the IAP is not uniformand that theUsp14 IAP is not efﬁciently
removed in a speciﬁc population of testicular cells, such as the germ
cells, resulting in a differential loss of Usp14 in the axJ testes. In contrast,
the heterozygous Usp14rrk114 gene trap mice would exhibit a uniform
50% decrease in Usp14 in all testicular cells in which it is expressed.
Usp14 is expressed in several cell types within the testes.
Usp14rrk114 gene trap mice have demonstrated that Usp14 mRNA is
expressed in diploid germ cells (spermatogonia and spermatocytes)
and in Sertoli cells of the seminiferous tubules. At the protein level,
Usp14 was most abundant in the haploid germ cells and round and
elongating spermatids, suggesting that some of the mRNA that is
produced during the diploid phase of spermatogenesis is stored and
translated during the haploid phase. In addition, immunostaining
revealed that Usp14 accumulation can be detected in the rNE and
cytoplasmic lobe of elongating spermatids, and in the rNE and
cytoplasmic droplet of fully differentiated spermatozoa, which are all
sites of ubiquitin-dependent proteolysis. The male-speciﬁc sterility
Fig. 9. Distribution of deubiqutinating enzymes and other components of theubiquitinproteasome system inwild type (wt, left column) andaxJ (right column) testis. Usp15 (red staining in
panels A and B) accumulated in the developing acrosomal cap of round spermatids in the testis of both wt and ax J mice. The 20S alpha subunits (α1–7; green staining in panels A and B)
accumulated in the cytoplasmic lobes of spermatids from the ax J mice. The Ubiquitin-C-terminal hydrolase Uch-L1 (green staining in panels C and D) accumulated in the spermatogonia
adjacent to the basementmembrane of the seminiferous tubules. Uch-L3 (red staining inpanels C andD) accumulated in the cytoplasmic lobes of the elongating spermatids. TheUbiquitin
activatingenzymeE1 (UBE1; red staining inpanels E andF) accumulated in thenuclei of elongating spermatids. Ubiquitin is labeled greenwith antibodyKM691 (Eand F). Labeling of the19S
proteasomal regulatory complex subunit PSMC1 (red staining in panels G and H) showed the accumulation of proteasomes in the postacrosomal sheath of the late step elongating
spermatids. Testeswere also labeledwith the anti-ubiquitinantibodyFK1 (green staining inpanelsG andH). Cellswere stainedwithnon-immune rabbit serumas anegative control (I and J).
41S. Crimmins et al. / Developmental Biology 325 (2009) 33–42observed in the ax Jmice may therefore be due to altered regeneration
of mono-ubiquitin and/or altered proteasomal deubiquitinating
activity.
Although Usp14 is required to maintain ubiquitin levels, our
previous studies have shown that there is not a signiﬁcant reduction
in the levels of free ubiquitin in the ax J testes (Anderson et al., 2005).
While the total ubiquitin poolmay not be altered, our data nowsuggestthat the ax J mutation may have differential effects on Usp14
expression, and therefore ubiquitin levels, in a subset of testicular
cells. By decreasing the mono-ubiquitin pool, substrate ubiquitination
and ubiquitin-dependent proteolysis would not be able to proceed,
resulting in a block to spermatogenesis. Alternatively, loss of Usp14 in
the ax Jmicemay have directly affected the rate of protein degradation
by the proteasome. It has previously been shown that inhibition of
42 S. Crimmins et al. / Developmental Biology 325 (2009) 33–42deubiquitination can stimulate proteasomal proteolysis (Guterman
and Glickman, 2004). In agreement with that observation, it has
recently been shown that loss of Ubp6, the yeast orthologue of Usp14,
increases the rate of proteasomal proteolysis in vitro and in vivo
(Hanna et al., 2006). As a result, loss of Usp14 may result in the
incorrect degradation of critical factors required for sperm differentia-
tion. Since oocytes do not undergo the extensive cellular remodeling
that is seen during spermatogenesis, oogenesismay be less sensitive to
changes in ubiquitin levels than spermato/spermiogenesis.
In this study, we have also found that loss of Usp14 results in up-
regulation of several other deubiquitinating enzymes thought to be
important in ubiquitin stability. Like Usp14, Uch-L5 is a proteasome-
associated deubiquitinating enzyme that acts to edit ubiquitin side
chains at the proteasome (Lam et al., 1997). The up-regulation in Uch-
L5 expression may be a cellular response to deal with decreased
ubiquitin recycling at the proteasome due to lose of Usp14, indicating
that Uch-L5may play an important role in ubiquitin stability as well as
editing of ubiquitin side chains. In addition, Uch-L1 and Uch-L3 were
increased 2-fold in the ax J testes. While Uch-L1 and Uch-L3 have not
been shown to associate with the proteasome, Uch-L1 is thought to
stabilize ubiquitin in a catalytically-independent manner (Osaka et al.,
2003). Due to the high expression levels of these deubiquitinating
enzymes, direct binding and sequestration of ubiquitin by Uch-L1 and
Uch-L3 may be important aspects of their ubiquitin-stabilizing
function. These results offer a possible explanation for our previous
ﬁndings that demonstrated the absence of ubiquitin depletion in the
ax J testis. Ubiquitin recycling at the proteasome could be enhanced by
up-regulating expression of Uch-L1, Uch-L3 and Uch-L5, resulting in
the stabilization of free ubiquitin pools. Changes in gene expression
induced by the loss of Usp14 may also underlie the absence of cellular
proliferation and chemical sensitivity in the ax J mouse embryonic
ﬁbroblasts. If the induction of other deubiquitinating enzymes
facilitates ubiquitin stabilization similar to what is seen in the testes,
then it is not surprising that wild type and Usp14-deﬁcient mouse
embryonic ﬁbroblasts show similar growth properties and sensitiv-
ities to Mitomycin C.
The data presented in this study demonstrate a requirement for
Usp14 and the ubiquitin proteasome system in male reproductive
function. While other studies have shown that mutations in
components of the ubiquitin proteasome system that are necessary
for ubiquitin-substrate conjugation can cause sterility, the present
data show that loss of a proteasome-associated deubiquitinating
activity speciﬁcally results in male infertility. Further studies will be
required to determine what protein substrates require proteasomal
degradation to ensure proper spermiogenesis.
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